Abstract-The Class-E power amplifier is widely used due to its high efficiency, resulting from switching at zero voltage and zero slope of the switch voltage. In this paper, we extend general analytical solutions for the Class-E power amplifier to the ideal single-ended Variable-Voltage Class-E (Class-Evv) power amplifier that switches at zero slope but not necessarily at zero voltage.
I. INTRODUCTION
The Class-E power amplifier (PA) can achieve high efficiency due to its tuned load network that shapes the switch voltage to zero-voltage and zero-slope at the switch turnon moment. Many different aspects of the Class-E power amplifier (PA) have been extensively studied in the last three decades [1] - [7] . The reportedly "sub-optimum operation" with nonzero-voltage or nonzero-slope switching [3] is hardly used because of its believed inferior performance.
zero-slope switching zero-voltage switching In [1] , zero-voltage and nonzero-slope switching operation only for RF-choke Class-E PAs has been investigated and it is found that these Class-E PAs have about 10% higher tolerance to switch (transistor) output capacitance than conventional RFchoke Class-E PAs. In [6] , it has been shown that zero-voltage and nonzero-slope switching (denoted as variable-slope Class-E, Class-Evs (Fig.1) ) operation of finite dc-feed inductance Class-E PAs allows using significantly larger switch (transistor) size (up to 110% more); which can be utilized in obtaining higher efficiency.
To the best of the authors' knowledge, analyses of nonzerovoltage and zero-slope switching Class-E PAs (denoted as Variable-Voltage Class-E, Class-Evv (Fig.1)) have not been presented in literature. This paper presents an analysis and some discussions on Class-Evv PAs to utilize their lower peak switch voltage feature to obtain higher output power with reasonably high power-added efficiency from transistor technologies with low-breakdown voltages. The analysis in this 'In [5] and [7] only Class-E operation and in [6] only Class-Evs operation is considered.
2Power is lost due to discharging of the capacitor (C) to ground via the switch at the switch turn-on moment.
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II. ANALYSIS OF CLAsS-Evv POWER AMPLIFIER
A single ended switching PA topology and its model are given in Fig.2a and Fig.2b respectively. An analytical solution for the model in Fig.2b to operate as a Class-E PA (e.g. switching at zero-voltage and zero-slope) is given in [5] and [7] 3. In [6] , switching with variable slope aspect was generalized and analytical design equations for Class-Evs (e.g. switching at zero-voltage and variable-slope) is given. In the current paper, the variable voltage aspect is generalized and general analytical solution for Class-Evv (e.g. switching at variablevoltage and zero-slope) is given based on the model in Fig. 2b . If the correct input parameters and circuit element values are chosen, the circuit in Fig. 2a [5] , [6] , [7] ) and a. The design parameters q and m are free variables like a and mathematically can be assigned any positive real value5. 3Note that the analysis in [5] is extended in [7] by taking into account a non-zero switch on-resistance.
4Theoretically, a < 0 is possible however, for MOS type of switches the junction diodes get forward biased when oa < 0; decreasing efficiency. 5Although mathematically q, m can be assigned any positive real value and oa can be assigned any real value, as it is shown (later) that only certain ranges results in design equations that are feasible in practice.
6LO and Co seen in Fig. 2a can be determined from the chosen loaded quality factor (QL = woLoIR) where w0 = LT/C. * the loaded quality factor (QL) of the series resonant circuit (Lo and CO) is high enough in order for the output current to be sinusoidal at the switching frequency * the duty cycle is 50% Fig.2c shows the switching behavior and the switch definition used: in the time interval 0 < t < 7w/' the switch is closed and in 7w/w < t < 27w/w it is opened. This switching repeats itself with a period of 27/w.
B. Circuit Analysis
In the analysis, the current into the load, iR(t), is assumed to be sinusoidal. Note that theoretically this occurs only for infinite QL of the series resonant network consisting of Lo and Co. It is however a widely used assumption [1] , [3] , [5] that simplifies analysis considerably: iR(t) = IR sin(wt + () In the time interval 0 < t < 7r/., the switch is closed. The KCL at the drain node can be written as: (2) Relation (2) can be arranged in the form of a linear, nonhomogenous, second order differential equation In the time interval w/w < t < 27w/w, the switch is opened. Then, in the Class-Evv PA the current through capacitance C is ic(t) (VDD -vcoff (t)) dt + 1L () + tR(t) (5) Relation (5) (2KL (q, m, a)2) on the transistor technology. Therefore, for a given transistor technology, impedance transformation ratio (n), Qm and Qd, Kx: can be derived using two fundamental quadrature PAE and Pantenna both are a function of only q, m and Fourier components of vc(t).
a. In Fig. 3 In [4] , an optimization procedure based upon approximations and simulation results is given for Class-E PAs. The PAE measurement results given in [4] (67%, for conventional Class-E PA) is close to theoretical value given in Fig.3 (z 71%) . The difference can be attributed to the losses due to ground bonding and dc-feed inductance; which are not taken into account in the analytical design equations in this paper. Fig. 3 shows the strong dependence of PAE and Pantenna both on q and a. It can be seen in Fig. 3 Table 2 and Fig. 4 ; which verify that Class-Evv can have higher output power with reasonable efficiency in comparison to conventional Class-E. The three PAs in Table 2 are implemented on pcb by using discrete transistor (start499) with maximum allowed peak voltage (vc 4.5 V), ceramic capacitors and air-core inductors. In the measurements, a 54642A Oscilloscope, 34401A DMV and a E3631A DC power supply are used. The switch (transistor) of the Class-E PA is directly driven with a square signal from an Agilent 33250A signal source. Due to lack of the RF source at low frequency Pdrive couldn't be measured but is calculated to be -3 mW. 
